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INTRODUCTION 

1 

I 

In recent years ,  techniques have been developed f o r  growing large very 

The properties of these c rys ta l s  a r e  o f  great  nearly perfect c rys ta l s .  

i n t e r e s t  i n  learning more about the s t ructure  of matter, and t h a t  is  the 

immediate objective of the low temperature physics research described here. 

These c r y s t a l s ,  together w i t h  the environment o f  a spacecraft ,  o f f e r  

Extension of the crystal  growing technology some exci t ing p o s s i b i l i t i e s .  

t o  the zero g region i s  l i k e l y  t o  r e s u l t  i n  even more perfect c rys ta l s .  

Instruments based i n  the properties o f  these c rys ta l s  o f f e r  p o s s i b i l i t i e s  

o f  ,doing new physics, in a spacecraft. 

These c rys ta l s  a l so  o f f e r  the poss ib i l i ty  of serving as references 

f o r  an e n t i r e l y  new c lass  of clock, orders more precise than an atomic 

hydrogen inaser. 

This report  describes the ongoing  crystal  experirnwts a t  the University 

of Maryland. 

of a s i l i con  crystal  a t  temperatures of around 4K. 

report  describes work done for  the continuation of these exprriments t o  

temperatures around 20 mK. 

The f i r s t  par t  describes the measurements of Q and frequency 

The second part, of this 

- 
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PART I :  CRYSTAL EXPERIMENTS AT T-4K. 

INTRODUCTION 

The experimeit described i n  this par t  i s  a continuation of the cryogenic 

measurements of the properties of monocrystals. 

ments of the mechanical diss ipat ion and resonant frequency of a 15 kg s i l icon  

Specif ical ly ,  fur ther  measure- 

crystal  from 5 t o  18 Kelvin a re  presented and discussed. 

other  papers which describe previous resu l t s  i n  this ser ies  o f  ongoing 

experiments. They are  e n t i t l e d :  

There a re  three 

1 )  

2)  

"Measurements of Dielectr ic  Monocrystals a t  Cryogenic Temperatures" 

"The Measurement o f  Noise in Monocrystals a t  Cryogenic Teinpet atures:  

Expected Problems and Proposed Solutions" 

3) "Progress i n  the Measurement o f  Cr-ystal Properties a t  Cryogenic 

Temperatures" 

Paper (1)  i s  the University of Maryland Physics Technical Report 79-069, 

PP 79-149. Papers ( 2 )  and ( 3 )  may be found i n  the Lhiversity o f  Maryland 

Physics Preprint  PP  $81-016, e n t i t l e d  "Further Yeasurements o f  Dielectr ic  

Monocrps t a l  s a t  Cryogeni c Tt .;lpera t ures . 'I 
Results presented i n  the previous papers suggest tha t  t h e  mechanical Q 

of the s i l icon  crystal  m i g h t  n o t  only depend on the temperature,but on the 

der ivat ive o f  the temperature with respect to  time. 

ments were made while the t2mperature was changing. 

described in t h i s  piiper, tmpera ture  control was incorporated t o  reduce the 

time derivative of the t e q z r a t u r e .  

ten.  

control are  qui te  d i f fe ren t .  

All previous Q measure- 

I n  the experiment 

This reduced d T / d t  by 3 iac tor  o f  about 

The resu l t s  o f  the 0 masurements w i t h  and without t h i s  teriiperJture 

Because t h i s  difference i s  greater  than 

-.. 
I 

u, 

? 

1 
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- 
expected, other mechanisms for a change in Q are suggest-a. This needs 

- further investigation. 

In the previous report, measurements of the resonant frequency of the 

fundamental longitudinal mode o f  the silicon crystal from 6 to 300 Kelvin 

are presented and discussed. It was expected that the derivative of this 

frequency with respect to temperature, df/dT, be everywhere negative, i.e. 

frequency increasing as temperature decreases. 

about 16 Kelvin. 

temperature decreased, i .e. df/dT was positive. These measurements were 

repeated in the experiment described in this report, and the results were 

the same. 

of thermal contraction o f  silicon, which chancjes sign at 18 Kelvin. 

This was observed down to 

However below this temperature the frequency decreased as 

It is suggested that this behavior is related to the coefficient 

- 3 -  
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DESCRIPTION OF EXPERIMENT 
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8 

The description of the experiment i s  divided in to  f ive par ts :  

A. Crystal ,  Suspension, and Transducer 

B. Q Measurements 

C. Frequency Medsurements 

D. Cryogenics 

E. Temperature Measurement and Control 

A. Crystal, Suspension, and Transducer 

The s i l icon  crystal  which was used i n  t h i s  experiment was manufactured 

by Monsanto Corporation by the Czochralski process. 

w i t h  boron, 8 x 1014 ato!ns/cm . 
and mass was 15.5 kg. 

3450.8 hz and a t  l iquid helium temperatures was 3467.8 hz. 

I t  was p-type doped 
3 The length was 135 cm, diameter was 7.8 cm, 

The resonant frequency a t  room temperature was 

For the cryogenic experiments in t h i s  avd the previous experiments, the 

crystal  was supported as  snown i n  f igure I .  

machined from 6061 aluminum. 

piezoelectr ic  ceramic transducers were epoxied onto the suspension with Stycast  

2850 FT as shown in t h i s  f igure.  

the suspension were aluminum spacers and a base. 

spacers, and suspension, where a n u t  was attached t o  hold the e n t i r e  assembly 

t i g h t l y  together.  

r e s i s t o r s  f o r  temperature measurement and control.  

was a therinal radiation shield used for  temperature control.  See f igure 2 .  

The base rested on  a system of acoustic isolat ion s h o w  i n  f igures  2 and  3 .  

The four point suspension was 

I t  was 3.2 cm i n  d i a r e t e r  and length. Two pzt-4 

They were connected i n  s e r i e s .  Underneath 

A bolt  went t h r o u g h  the base, 

Mounted on the base were resis tance thermometers and heater 

Also mounted on the base 

- 4 -  
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E. Q Measurements 

Figure 4 shows a diagram of the electronics  which were used for  the Q 

The s i l icon  crystal  was excited by driving i t  a t  the resonant measurements. 

frequency w i t h  the t r a n s d x e r .  Once excited,  the crystal  "rang" for  hours. 

Dur ing  this decay the transducer output was connected t o  a preamplifier shown 

i n  f igure 5. 

the magnitude o f  the i n p u t  signal and the phase of the input signal w i t h  respect 

t o  the reference. 

reference frequency generator t o  maintain this phase difference a t  zero. 

The phase lock loop had a damped second order response w i t h  respect to  var ia t ions 

i n  phase difference.  

of the s i l icon  crys ta l .  

on a char t  recorder. 

The amp1 i w d e  decays exponentially, 

The lock-in an!plifier was set i n  the vector mode, which produced 

A phase lock loop feedback c i r c u i t  continuously adjusted the 

Thus the electronics  could track the frequency and phase 

The magnitude of the s i l i c o n  Gsci l la t ion was recorded 

Decay times ( T )  and Q were computed from these recordings. 

t - -  
e 
L 

e 

I f  f i s  the frequency of the 

C. Frequency Measurements 

An e lec t ronic  counter 

generator which was tracking 

osc i l la t ion  then the Q i s  given by, 

Q = T ~ T ~  

das used t o  measure the period of the reference 

the period of the s i l icon  o s c i l l a t i o n .  A 10 Mhz 

rubidium clock provided the external time base for  the counter. 

measurement was 288, 363, 782 5 5. T h i s  was the number of 10 Mhz o s c i l l a t i o n s  

which were counted d u r i n g  a .time interval of 100,COO o s c i l l a t i o n s  o f  the s i l i con  

c r y s t a l ,  i . e .  28.8 seconds. 

A typical 

The uni ts  of the 1:ieasureri;ent were picoseconds (lo-'' sec) .  

- 8 -  
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T h i s  examp e ( a t  5.12 Ke v i n )  corresponds t o  a frequency of 3467.84186 f 

.00006 hz. 

random and due t o  noise 

T h i s  e r r o r  is  almost fou r  orders of magnitude la rger  than tha t  expected f o r  

the rubidium time base over the same t'ine interval .  

a t i c  error due  t o  d r i f t  i n  frequency from change i n  temperature was a l s o  much 

less than the qaoted random er ror .  

a1 1 the frequency (period) measurements. 

. 
7 

The e v o r  o t  a s ingle  measurement, one par t  i n  6 x 10 , was 

n the electronics  during the counting in te rva l .  

Furthermore the system- 

T h i s  random e r r o r ,  ?r 60 phz ,  appl ies  t o  

D. Cryogenics 

A cro% section of the cryosta; i s  shown i n  f igure  6. The d<meiisians 

o f  the experiment chamber were 48 cm i n  diameter and i 6 3  cm in length. 

experiment assembly shown i n  f igure 3 f i t t e d  into t h i s  chamber. 

experiment was cooled by cold helium gas and  l iquid in the dewar surrounding 

the chamber. 

accomplished by maintaining a pressure of a few microns of helium gas i n  the 

chamber. This Sas was puirped o u t  brith a four inch diffusion pump, a f t e r  the 

lowest tenmerature was reached. During the cry%tal  measurements the pressure 

near the input o f  the pump was typicdlly 5 x 10- 

The 

Here the 

Thermal conducticjn between the dewar- and the experiment was 

6 
torr  a s  measured with a cold 

cathode gauge. 

A Cryogenics Technology Model 1400 helium l iquef ie r / re f r igera tor  was used 

to  cool the ex2eri:ienr. and cryostat  from room teiiiperature to  l iqu id  helium 

temperatures and a1;o to make l iquid helium to  f i l l  the dewar. 

from the boiling l iquid passed th rough  and  cooled the vapor sh ie?d ,  which provided 

an  intermediate stage of shieldir;? between the dewar and room temperature. 

The helium vapor 

This gas \$as then recovercd and s tored,  sc that  the system ccu!d operate i n  a 

closed cycle. 

- 1: - 



't 
1 
i 

rl 

P - 

r( 
c 
U 
C 
CI 
E 

I 

- 12 - 



1 
1 

- 1  
$ 1  

1 
1 

1 
I 

E. Temperature Measurement ar,d Control 

Two resis tance thermometers were used in t h i s  experiment. One was a 

germanium thermfstor manufactured by Keystone Carbon Company, model L0904- 

100 K-HE- 

only two 

A typica 

suppl i ed 

2. There were 

resis tance measurements from the manufacturer, a t  4 and 20 Kelvin. 

The cal ibrat ion of t h i s  device was riot very good. 

res is tance versus temperature graph for  t h i s  type of device was a l so  

This was the same germanium r e s i s t o r  used i n  the previous experiments. 

The second device was a carbon glass  r e s i s t o r  manufactured by Lake Shore 

Cryotronics Inc., model CGR-1-10,000. The manufacturer a lso provided an accurate 

ca l ibra t ion  over a wide range. 

this experiment. 

This device was employed for  the f i r s t  time i n  

The two resis tance thermometers were mounted together on the base of the 

suspension assernbly, so t h a t  the carbon glass device could be gsed t o  c a l i b r a t e  

the gerrnnnium device. 

experiments could be updated with a mnre accurate cal ibrat ion.  

I n  t h i s  way the temperature measurements o f  previous 

Two d i f fe ren t  devices were employed t o  mea;ure the resis tance of the 

thermometers. 

res is tance bridge, d i f fe ren t ia l  amplifier,  tuned amp1 i f i e r ,  and  phase sens i t ive  

detector.  

These electronics  were used alniast exclusively tri t h  the germanium res i s tor .  

They were b o t h  constructed here. The f i r s t  consisted of a 4 hz  

The bridge was balanced in the Qsual way by nulling the output signal.  

The second device applied a 10 hz  current o f  known small amplitude to  the 

current leads of the four terminal connections of t h e  carbon glass  res i s tor .  

The voltage drop across the r c i i s t o r  was measured t o  provide the resistance.  

I t  i s  irrportant t h a t  t k  currents joing chrougn ;he resis tance thermometers 

do Rot s ign i f icant ly  heat them. 

currents by a fac tor  of txo a n d  observing whether or n o t  t h ?  resistance reading 

This car, be ezsil;. verified by increasing these 

- 13 - 
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changes. I n  both cases above they did not. The  maximum power generated i n  . 

the germani urn res is tance 

Tnat for  the electronics  

The two resis tance 

suspension system of the 

. ,  
i 

r ,  

I 

-9 
thermometer by the bridge electronics  was 10 

of the carbon glass  r e s i s t o r  was 10 watts. 

thermometers were mounted on the aluniinum base of the 

crys ta l .  

watts. 
- 1 2  

Attached to  the same base was a frame on which 

.. 

i 

the aluminum thermal radiation shield was mounted. 

the crystal  as shown in ficjJre 2. 

t ion" (aluminized mylar and  nylon n e t ) .  

The l a t t e r  completely surrounded 

I t  was covexd with f i v e  layers  of "superinsula- 

Epoxied in to  the base were the heater r e s i s t o r s  used to  control the tem- 

perature. 

bring the temperature up to  the desired value and t!ien by varying t h i s  voltage t o  

Control vias accomplished by applying a voltage t o  these resistors t o  

maintain the desired temperature. 

and  the germanium r e s i s t o r .  

the heater a t  the ievel to  keep the bridge a t  a nc l l .  

res is tance ( i . e .  change i n  terperature)  would off ;e t  the bridge causing the 

integrator  t o  in:rease or decrease the power produced by the heater unt i l  the 

bridge was renul'ed. A similar  control xas a l so  acconplished with the carbon 

g l a s s  r e s i s t o r  and  i t s  electronic; .  This technique worked well a t  keeping the 

Figure 7 shows how t h i s  was done w i t h  the bridge 

The integrator  shown maintained the voltage across 

Any changes in the germanium 

temperature constar;t a t  one point,  the p o i n t  where the resis tance themometer was 

located. However as the l iquid level in the dewar decreased, thermal Sradients 

inside the expet-imnt chaiiher changed. 

cnanpd.  The change i n  the iverage temperature o f  the crystal  during temperature 

control was iiieasured by measuring the frequency o f  t3e crys ta l .  

frequency were then relat?d to  chanyes i n  teiiiperatiire. Thus the r a t e  a t  which 

the crystal  t e  iperature :.;as cbang inq  d u r i n g  those ceriods o f  tcniperature control 

was dstsrmined. Table I s L w s  the resu l t s  o f  thes? wasurecients. A l s o  shown in 

Thus the twpera ture  n t  othclr points 

Changes in m i s  

- 1 4  - 
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i 
t h i s  t ab l e  i s  the temperature d r i f t  from the previous experiment without temper- 

a tu re  control.  
_ .  

As seen from t h i s  data the d r i f t  w i t h  control was mostly a 

4 fac tor  o f  ten l e s s  than tha t  without concrol. 

- 1 7  - 



2ESULTS OF Q MEASUREMENTS 

i 

- -_ 

.* 

The graph i n  f igure 8 shows the resu l t s  o f  the two most recent Q 

measurements of the s i l i con  crystal  below twenty Kelvin. 

ments were made while the crystal  was warming up. 

t h a t  of the previous experiments. 

ac t ive  temperature control of the crystal .  

d r i f t  which was a factor  of ten lower t h a n  the previous measurements as  

discussed i n  section I 1  E. One purpose of t h i s  experiment was to  compare 

the shapes o f  the Q curves with and without temperature control.  

seen f,*om the f igure t h a t  the difference i s  qu i te  s ign i f icant .  I t  i s  so 

markedly d i f fe ren t  in fac t  t h a t  i t  leads one to  consider the poss ib i l i ty  

t h d t  factors  other than temperature control cou:d have produced i t .  

other factors  wi 7 1 be djscussed next. 

The 1979 measure- 

This data i s  s imilar  t o  

Th? 1980 measurements were made with 

T h i s  resulted in a temperature 

I t  can be 

These 

Both experiments used the same four  point suspension and transducer, i . e .  

t h a t  shown in figure 1 and discussed in section I 1  A. 

were aluminum spacers. 

t o  which the suspension and  spacers were attached was a l so  diffc -ent. 

the 1979 experiment w i t h o u t  temperature controi the base was a t h i r t een  

pound block of s t ee l .  For the 1980 expeciment with temperature control tbc 

base was an  eight pound aluminum b lock  and f r a m  for  the thermal shield 

( f igure  2 ) .  

Beneath the suspension 

These were different  in the experiments. The base 

For 

I t  i s  not ye t  known i f  t h i s  difference i s  s ignif icant .  

There are  other factors which may ?oten t ia l ly  a f fec t  the Q. Each time 

the crystal  i s  s e t  upon the fou r  point suspension and  allowed t 3  rock bJck 

and f o r t h  ( a s  happens when the b a r  assembly i s  s l i d  into the cr los ta t ) ,  a 

small amount of a l u m i n u m  rubs o f f  and i s  mbedjed 3 n  the surface of the 

i 
1 

... 

I 
I 

- 18 - 
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4 
crys ta l .  

tinuously. 

I t  i s  possible t h a t  this produces a degraded-Q a f t e r  successive runs. 

The highest Q obtained was on the f i r s t  r u n  o f  the Q nieasurenents 

This i s  v i s i b l e  on the surface. The aluminum builds u p  con- 
-.. - 

No attempt has y e t  been made t o  clean o f f  the build up. 

e.. 

- J  

- -  
(Q  = 32Ox1O6, 1978). The highest Q obtained d u r i n g  the 1979 and 1980 

runs was 2 8 0 ~ 1 0 ~  and 1 4 0 ~ 1 0 ~  respectively.  

g e t t i n g  smaller. 

accumulating damage t o  the c rys ta l .  

Thus the Q appears t o  be 

This could be caused by the aluminum o r  by some other  

- 1  

- -  

a. 

c 

After wamup t o  room temperature of the l a s t  experinent, careful 

observations were made t o  determine i f  znything was touching the bar .  

other than the suspension. Nothipg was observed. Further experimentation 

a t  room temperature was done w i t h  the suspension and base to  see the e f f e c t  

on the Q. 

previous room temperature Q measurevents. 

before the f i r s t  cooldown of thc s i l i c o n ,  the 1980 measurements were made 

before the l a s t  c\oldown, and the 1981 measurements were made a f t e r  the l a s t  

cooldown. 

Table I 1  i s  a ;urnnary of these observations and a l so  includes 

The 1978 measurements were made 

The 1a. t  two measurements used a d i f fe ren t  four point suspension 

u and transducer. This d i f f e r e n t  suspension i s  shown i n  f igure 9. The trans- 

ducer was a piezoelectr ic  ceramic glued on the surface of the crystal  w i t h  

GE 7031 varnish. 

i s  t h a t  the room temperature Q i s  n o t  strongly dependent on the base, suspension, 

n From the data presented i n  t h i s  tab le  the overall conciusion 

.) 

l 
I 

and transducer configuraticns which were tes ted .  

- 7  
4 
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RESULTS OF FREQUENCY MEASUREMENTS 

The graph o f  f igure 10 shows the frwtienry of the fundamental mode of 

the s i l icon  crystal  as  a function o f  temperature below 18 K e l v i n .  These d a t a  

are f o r  two separate experimental run.,, one w i t h  arid or,? withmt temperature 

control. 

-report .  

temperature i w r e a s e s  the resonant frequency decreases, i . e .  df/dT i s  negative 

above 18 Kelvin. 

5 t o  15 Kelvin, then sharply decreasing above 17 Kelvin. 

equals zero somewhere i n  the range from 15 t o  17 Kelvin. 

i s  negative, below i t  i s  posi t ive.  

Data for  temperatures above 18 Kelvin a r e  g i v e n  i n  the previnus 

The important charac te r i s t ic  of the l z t t e r  data i s  tha t  as  the 

The data i n  f igure 10 show the frequency increasing f r o n  

The der ivat ive dfidT 

Above tha t  range i t  

As pointed out. by the previous report the 

data published by a group a t  the University of Rochester 

(as  well as  Q) measurements of a s i l icon  crystal  down to  4 Kelvin. These data 

gives frequency 

show df/dT t o  be negative i n  the e n t i r e  range from 4 t o  300 Kelvin. 

not c l e a r  why t h i s  difference ex is t s .  

son of t h t  experiments. 

I t  i s  

See the previous report for  d compart 

The frequency of the s i l icon  crystal  can be rklated to  i t s  coeff ic ient  

of thermal expansion. Clata published by Lyon, Salinger,  and Swenson give the 

coef f ic ien t  of thermal expansion of s i l i con  down t o  6 Kelvin. I t  i s  posit ive 

from 6 Kelvin t o  18 Kelvin and negative from 18 t o  120 Kelvin. 

of the re7ation between the resonant frcqumcy and the thermal expansion 

i s  indicated by these data. 

More study 

- 
1 
McGuigan, D .  F. , Lam, C. C .  , Gram, R. Q. , Hoffnian, A. V . ,  and 

Douglas,  D. H. , "Yeasureaents of the I?echanical Q of Single-Crystal 
Sil icon a t  Low Temperatures," J .  of Low Temp. Phys. ,  30, 621 (1578). 

2 
Lyon, K. G . ,  Salinger,  G. L . ,  and Swenson, C .  A . ,  "Linear thermal 

expansion measureliients on  s i l i con  from 6 t o  340K," J .  of Applied ?hysics, 48, 
565 (1977). 
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PART 11: CRYSTAL EXPERIMENTS AT T < 4K. 

INTRODUCTION 

- The study of the properties o f  single  crystal  s i l i con  and sapphire 

by our group a t  the Uriiversity of  Maryland has indicated t h a t  temperatures 

below tha t  o f  l iqu id  helium are  needed i n  order t o  more tharoilghly under- 

s tand  the mechanisms o f  acoustic loss  i n  these c rys ta l s .  
4 objecti.Je, we have recently acquired a He3 - He di lu t ion  re f r igera tor  f r o m  

Toward this 

the S.H.E. Corporation. This device will allow us t o  reach temperatures of 

approximately .02 K. The  d i lu t ion  r e f r i g e w t o r  i s  described i n  Appendix I .  

Because of the s ize  o f  the c rys ta l s  under s t u d J ,  however, a f a i r l y  la rge  

volucie would have t 3  be cooled. This necessitated t.he construction of a 

l iquid helium cryostat  of a s i z e  and configuration unavailable commercia 

This cryostat  f s  described in Appendix 11. The following i s  an explanat 

of the experiments t h a t  will be conducted a t  T < 4K. 

1Y - 
on 

- 25 - 



PROPOSED EXPERIMENTS 

We a r e  presently planning to  measure the mechanical Q ' s  of several 

materials a t  temperatures down t o  20 mi-lliKelvin and possibly below. 

The ou t l ine  on the folloxiny page and the i l l u s t r a t i o n  of f igure 11 

sumar ize  the proposed experiments. 

Plodel 420 helium di lu t ion  re f r igera tor  and Naryland b u i l t  cryostat  

described i n  t h i s  report ,  

They are  to  be cooled w i t h  the SHE 

The z a t e r i a l s  will be i n  the form of bars each about seven inches 

long and two inches i n  diameter. 

t o  be used. 

f igure 12. 

t o  obtain Q ' s  of u p  t o  4 x 1 G  . 
of suspension i s  expected t o  be a l imit ing factor .  

higher Q than aluniinurn alloy 60G1 nii2h.t be used t o  construct the r ig id  

suspenzion, b u t  ultimately we expect the necessity of using magnetic levi ta t ion .  

Two d i f fe ren t  types of suspensions a r e  

T h e  f i r s t  i s  a four point r i g i d  aluniinurn suspension shown i n  

This type of suspension h a s  been successfully used a t  4 Kelvin 
8 With bars of potent ia l ly  higher Q this type 

Other materials w i t h  

The transducer exci tes  one o f  t h e  longitudinal normal nicdes of the 

c r y s t a l ,  u s u a l l j  the fundamental mode. Once excited,  the crystal  "rings" 

f o r  a long t ine .  

is  used t o  generate a n  e lectronic  signa! from t h 2  inechanical o s c i l l a t i o n .  

This signal i s  then amplified and recorded as a function of time. From 

th is  recording, decay time constants and 9 ' s  are  calculated.  The DC biased 

capacitor transducer (see f igure 13)  has  been used Cuccessful l y  a t  4 Kelvin 

While the crystal  i s  ringing, the same o r  mother  transducer 

- *  and will  be used i n i t i a l l y  for  tile proposed milliKelvin experiments. From a 

noise standpoint,  the F E T  m p l  i f i e r  i s  best !mtchcd t o  the ca;acitor transducer. 
- *  

v 

However, t o  obisrve crystal  osc i l la t ions  a t  l w e r  aaiplitudes 6 quieter  

1 



. 

amplif ier  aad transducer cornbination i s  required. 

the RF biased SQUID amplifier coupled t o  f l a t  c o i l s  with a pers i s ten t  

current a s  shown i n  f igure 14. 

especial ly  suited t o  b6 used with magnetic lev i ta t ion ,  because i t  can 

double as  horizontal stabi: ization co i l s .  

Such a combination is 

The f l a t  coi l  magnetic transducer Ss 

The i n i t i a l  milliKelvin experiment will  ccntain a niobium and an 

aluminum bar. 

for they a re  now being coated w i t h  n i o b i u m .  

niobium and aluminum is important for  the crystal  experiments, s ince niobium 

i s  the crystal  coating and aluminum will support the crys ta l s  . in i t ia l ly .  

Ultimately we wish to  measure a t  milliKelvin ternpcratdrcs the Q of niobium 

coated s i l icon  and sapphire monocrystals, supported w i t h  magnetic l e v i t a t i o n ,  

and observed w i t h  magnetic ( f l a t  c o i l )  transducer and S Q U I D  amplifier.  

The s i l icon  and sapphire bars are  n o t  presently avai lable ,  

However, knowledge of the Q o f  

'I 



Out1 i n e  o f  Proposed Exper iments 

I .  Q measurements o f  m a t e r i a l s  down t o  20 mK. 

11. M a t a - i a l s  t o  be t e s t e d  

A. Aluminum a l l o y  6061 

B. Niobium 

C. S i l i c o n  coa ted  w i t h  n iob ium 

D. Sapphi re coa ted  w i t h  n iob ium 
. .  

111. Suspension, t ransducer ,  and a m p l i f i e r  

A. P r e s e n t l y  used system f o r  t e s t i n g  each o f  t h e  above m a t e r i a l s  

1.  Aluminum f o u r  p o i n t  suspension 

2. DC b iased  c a p a c i t o r  t ransducer  

3. FET a m p l i f i e r  

B. Advanced system f o r  t e s t i n g  each o f  t h e  above m a t e r i a l s  
excep t  a1 uniinuni 

1 .  Nagne t i c  l e v i  t a t i o n  suspension 

2.  F l a t  c o i l  t r ansducer  wi th p e r s i s t e n t  c u r r e n t  

3. RF b i a s e d  S Q U I D  a n i p l i f i e r  

. 1 
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MAGNETIC LEVITATION 

I n  o r d e r  t o  i s o l a t e  t h e  c r y s t a l s  under i n v e s t i g a t i o n  as much as p o s s i b l e ,  

t h e y  w i l l  be m a g n e t i c a l l y  l e v i t a t e d .  

b a r s  w i th  a t h i n  l a y e r  o f  n iobium. 

exc ludes any magnet ic  f i e l d s  f rom t h e  i n t e r i o r  of t h e  bar.  T h i s  c r e a t e s  a 

magnet ic p ressu re  g i v e n  approx ima te l y  by p = 2 '* ( a l l  u n i t s  i n  MKS). T h i s  

p ressu re  i s  e x e r t e d  a g a i n s t  t h e  b a r  and, i f  t h e  f i e l d  i s  p r o p e r l y  shaped, 

w i l l  " f l o a t "  t h e  ba r .  (The p roper  way t o  c a l c u l a t e  t h e  necessary f i e l d  

T h i s  i s  accompl ished b y  c o a t i n g  t h e  

When t h e  n iob ium goes superconduc t ing  i t  

30 

s t r e n g t h  i s  t o  recogn ize  t h a t  t h e  magnet ic f i e l d  must v a n i s h  a t  t h e  super-  

conduc t ing  boundary and s o l v e  t h e  r e s u l t i n g  image problem; however, t h e  

above e q u a t i o n  serves as a f i r s t  approx imat ion. )  

ba r ,  7 i nches  b y  2 inches d iameter ,  t h e  necessary magnet ic f i e l d  s t r e n g t h  

t o  l e v i t a t e  i s  ~ 5 0 0  gauss. The f i r s t  c r i t i c a l  f i e l d  o f  n iob ium i s  1980 gauss 

a t  T = 0 and ~ 1 6 0 0  gauss a t  T = 4.2K. 

f i r s t  c r i t i c a l  f i e l d ,  t h e  London equa t ion  card be used t o  c a l c ! t l a t e  t h e  pcne- 

I f  we c o n s i d e r  a s i l i c o n  

Since t h e  a p p l i e d  f i e l d  i s  below t h e  

t r a t i o n  depth o f  :he magnet ic f ' e l d  and t h e r e f o r e  t h e  t h i c k n e s s  of  t h e  

n i o b i u m  c o a t i n g  needed. 

v a r i e s  e x p o n e n t i a l l y  w i t h  d i s t a n c e  i n t o  t h e  superconductor  w i t h  c h a r a c t e r i s t i c  

l e n g t h  1,- c a l l e d  t h e  London p e n e t r a t i o n  depth. 

be m o d i f i e d  when 2 < <  5,. 

e l e c t r o n s ,  and 5 ,  i s  t h e  coherence l e n g t h  o f  t h e  superconduct ing e l e c t r o n s .  

The p e n e t r a t i o n  depth becomes 1 

e l e c t r o n  s c a t t e r i n g  i s  dorzinated by l a t t i c e  i m p e r f e c t i o n s  arhd i m p u r i t i e s ,  

t h e  worse case f o r  n iob ium would be 9, 2 3 . 3 8 ,  which i s  t h e  l a t t i c e  spacing. 

W i th  IL = 390 8 and 5 = 350 8 t h i q  g i ves  x = .J-m. 

x 1 +n t h i c k  would be adequate. 

The London equa t ion  s t a t e s  t h a t  t h e  magnet ic f i e l d  

T h i s  p e n e t r a t i o n  dep th  must 

e i s  t h e  inean f r e e  p a t h  l e n g t h  o f  t h e  normal 

C 

x L  ( +  )li. Sir ice a t  l ow  temperatures 

There fo re ,  a c o a t i n g  
'> 

- 29 - 



1 -  

. -  
I 

The coating process will be a chemical vapor deposition. In this 

process a low melting point n iobium compound is  evaporated and allowed 

t o  come it1 contact w i t h  the c rys ta l .  

the niobium compound dissociates  on contact and pure niobium i s  deposited. 

This method was chosen over the more energetic sput ter ing or plasma spray 

techniques of deposition so as t o  minimize damage t o  the crys ta l .  

resul t ing coating will  be 5 - 20 um thick. 

The crystal  has been heated so tha t  

The  

When a f lux coi l  i s  near a superconducting surface,  i t s  inductance 

i s  a function of distance from the surface. To s t a b i l i z e  the bar i n  the 

direct ion paral le l  t o  the cylinder axis ,  two f l a t  c o i l s  will be pcsitici;ed 

a t  the ends of the bar. 

of the co i l s  we can instrument the bar. 

crysta  s except a t h i n  layer of niobium, we expect t o  get good isolat ion.  

By measuring the ac component o f  the inductance 

Since n o t h i n g  will be tobching the 

A drawing of the magnetic lev i ta t ion  coi l  for  small manocrystals i s  

shown n f igure 15. 

. 
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FEATURES 
Lov:rrt Kinlmum Temperature 

0 Lsrgcc! Cooling Powers 
Ruggcd, Convenlent Construction 

INTRODUCTlON 
SHE'S Series 400 dilution refrigerators represent 
new designs based upon recent fundanental ad- 
vances in dilution refrigerator technology. Sintered 
silver heat exchangers hat*e been incorporated into 
improved cryostat insert designs to provide superior 
performance and maximum reliability. Four, hlgh- 
performance Series 400 cryostat insees are pres- 
ently available; every aspect of their design reflects 
the years of d:!ution rerrigerator experience found 
only at SHE. 

All Series 400 cryostat insees have :he following 
features: 

Metal surfaces of the dilution unit are gcld-plated 
to improve thermal contact and prevent corrosion. 
Low temperature components 01 the refrigerator 
are supported by grarhite-filled polyimide rods 
which provide excel!en' thermal isolation and are 
virtually unbreakable. 
Long-term reliability is rnsurcd by repeated ther- 
mal cycling and leak testing of every joint. Al l  
pumping lines and flanges are 01 welded. stainless 
steel construction to avoid the need for possibly 
currosive fluxes. 
A continuously operating coldplate condenses the 
incoming 'He and provides spare cooling power to 
thermally ground large heat loads at 1.3 K.  This al- 
lows continuous operation of the dilution refrig- 
erator at its minimum temperature, even when 
transferring helium into the dewar. 

* Spare access ports located on the topplate. vac- 
uum flange, and Coldplate facilitate future in- - 
stallation of special purpose laads, capillaries. 
coaxes, pumping lines. or other accessories. Two 
ports are vertically aligned from the top-plate 
through to the still. 

Q The standard copper mixing chambor has provi- 
sion for both internal and external SamPl0 mount- 
ing. Ex!ernal samp!es are bolted la a heavy, gold- 
plafed mounting flange; excellent thermal contact ' ** 
to the liquid helium inside the mixing chamber is 

 OR;^^^^^^^!- P/:cE I. r---3 r u  
OF I.C.C.;: l:L..:;iL:I'\ Jf-t. 

u 
established by a l8fge quantity of 3intersd metal. 
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Under typlcal operatlng con$itions, tho tempera- 
ture difference between thd insldo urd outside Is 
b s s  than 1 mK. Even when operating with the max- 
lmum possible external heat load, the difference Is 
kss  than 3 mK rt all temperatures. 
Radiation baff!es on the oumplng tubes (used to 
decrease helium boil-off In the dswar) are screwed 
In place, allowing for easy removal and mddifice- 
tlon. 
A heavy, 0.6 K thermal shield is attached to the still 
rnd iurrounds the mixlag chamber and experi- 
mental region. 

Carbon resistance thermometers are located on 
the coldplate, still, baseplate. coldest heat bx-  
changer, and the mixltrg chamber for monitorlng 
the rifrigerator's patfcrmance. Heaters r i e  In- 
stalled on the roldplste. still, 8nd miring chamber. 
These healers and thermomeiers utilize only 14 of 
the 24 shielded, low-frequency leads which are 
standard, leaving 10 for other applkations. 
A unique sintered metal heat exchanger on the 
ta;eplzte. below the continuous heht exchanger, 
has a larl;e cooling power for thermal grounding at 
50 mK. 

The final step in the produc1;on of each SHE cryo- 
stat insert is a complete performance test in our !ac- 
tory. It is cooled to its minimum temperature and 
then operated with various heat ioiids and circula- 
tion rates. Complete test data, along wlth a detailed 
Instailation and operation manual, 16 supplied with 
each relrigerator. 

n g  2 Typcal  cmling power curvesfor Model 420cryostal lnser l l  
gar tianE:mg syslem combtnal.sns Some mod~ficalion of the In. 
mrl is  required lo cccommc4a:t (he hqh clrculailon tales 01 \he 
GHS.3 Ptlrls  rrirrked + Ind cale gusraTleec! mirumum values 
w.lh GbiS-2 Mdnimurn lcmpwnlcre IS achtevtd *it?? a ctrculalmn 
rate 0 1  ?O pmol sec 

MODEL 420, GENERAL PURPOSE 
CRYOSTAT INSERT 
The Mode! 420 Is the smallest Swics 400 Insert, yet 
Its performance exceeds thFt of any ref-igeraror pre- 
vlously rveileble. It has (c typlcol minimum tempzra- 
t u r a t l 6  mK t.nd Its cooling plwsr. show In Fig. 2, lo 
far more than Is usually required, even for demanti- 
Ing applkations such as nuclear demgneuration or 
Par?ici+ team experrrnents. 
Tha Model d2n Is also the least expensive of the 
%ies 400, both to purchase and gptra!e. Only 
about six liters of liquid helium are requirad per day, 
' wen when operatiqg at maximum circulation rates. it 

flts Intc, a convenicnt 14cm4amet t r  dewar neck, 
yet It has a large, Qcm-diameter a~26-cm-long space 
bebw the mfxlng chamber for mounting experi- 
ments. Straight lina, direct access from room tem- 
perature to the mixing chamber is providod down the 
VXCuum can pumping line. Yhis feature is unique to 
the Model 420 and requires only one vacuum 
feedthrough. at toon! Xmperature The Model 420's 
ruperior performance, small size, and scunomical 
price make It the recommended cryostat insert for 
most applications. 

I--- 7 + / A  



MODEL 430, HIGH-POWER 
CRYOSTAT INSERT - 
TPla next larger Series 400 cryostat Inse;t, the Model 
430. offers still better performance. It has a typical 
mlnlmum temgwature cf 4.5 mK and its cooling 
power, shown in Fig. 3, is about double that of tha 
Model 420. It Is mechanically very strong and experi- 
mental pcrckages welghing mora than 10 kg may 
safely be mo inted In the large.1 dcm-diameterx63- 
cm apace provided. 

Several features are unique to the Model 430. These 
Include two, parallel 'He condensing systems which 
reduce the condensing pressure and help prevent 
blockage. Also provided is 8 t lmge. thermally 
Qrounded at 50 mK, to which an additional thermal 
shield can be atbched far use with ultra-low tem- 
perature experimante. The bottom of the mlxlng 
chamber is sealed to the top by an indium O-ring so 
that it can be easily replaced with one of an alternate 
design. This provlslon can, for exampie, be used to 
PllOW very large experiments to be mounted Inside 
the mixing chamber. Sitice the Model 430 requli 3s 
hrger pumps. end more liqu!d helium, 11 Is gener- 
ally recommended only lor the most demanding 
applications. 

MODEL 430A, EXTRA-HIGH . . 
POWER CRYOSTAT INSERT 
A modified version of the Model 430, the Modol430A, 
provides evan higher cooling power (see Fig. 3). It is 
physics!!~ similar to tho Model 430 snci raaches the 
kame minimilm temperature. but its ccndonsing sys- 
tem and still have ben?n modified to allow larger cir- 
culation rates. I t  61 i o  has a unique, two-stage 
coldplate that supplies 60 mW of refrigeration for 
normal operation, or ',20 mW when the refrigerator h 
operated at maximum circulation rate. 

MODEL 420-TL TOP-LOADING 
CRYOSTAT INSERT 
The Model 420-TL Is a modified version of the Model 
420 cryostat insert that permits the operator to r a p  
Mly change samples without warming tho entire r+ 
trigerafor to room temperature. The samples are 
mounted on a $peClal rod and inserted through an 
airlock on top of :he cryostat into a tube leading 
down Into the mlxlng chamber. Excelleni thermal 

- contact la estabiished by lmmersing the sample In a 
liquld-hellum~4illed chamber attached to the, mixlno 
chamber. No mechanical clamps or screws are r*. 
quired. Cooldown time dt?pends ern- the samp!o and 
Ht holder. but complete cycles from room temnpjra- 
ture In much leu than one hour Bra fe6Slbie. Elect+ 
all leads may be attached directiy to the mmpla or 
the sample holder for measuremants of electric, 
magnetic or thermometrlc properties. Evon therrcal 
conductivity and heat capdcity measurarnents are 

\ 

DILUTSON UNITS 
The dilution units (still, heat exchangers, and mlxlng 
chamber) of the Models 420 and 430 are avrilable 
separately. The dilution unit for the Model 430 Is 
chown In Fig. 4. Theso units nre comp1e:ely tasted at 
SHE to ensure that the performance exceeds the 
guarantees ol t he  complete cryostat Insert. This per- 
formance requires sdeqcate pumping speed and 
careful Installation to  eliminate heat Input due to 
thermal radiation, vlbratlon. rt heating, and other 
causes. For this reason it Is net possible to guaran- 
tee that the full performance capability wil l be 
4kchleved by the user when only the dilutlon unit is 
purchased. 

m.4. DRP430 
* 

SPECIFICATIONS 

Mlnlmurn Twnporatura 
fypkal:  

Giu;antrrd. 
Coollmg Powor 
Hr:lurn Chlrge. lncludeo normal 

room lorn,arrrlirre volumrr 
Dlrnennrlmnr (cm) 

Oreri l l  l o r n  
th!oon of :oppiato to banom 

Ollrrlmum dlrmtlrr hlrn 
d vacuum Cfn 

topplrfe 11 brill. 
Expet lme-bf  1p3cr bolo* mln1.v) 

chsn-bcr (rim) 

Dirmr1.r 
Lcrq!h 

. 

28 0 $35 
8.5 13 8 
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Fb. 2. Schematic Diagram of the M&l GUS3 Cat H a h d t l ~  Sy lcrn  

TABLE 1 SHE Pumping end Gas Handling Sptems 

r- 

X-SuppIird  VI Syxlern Q-c=;nrcmw must turnlrh *Sufp;ied w l n  mhr GHS2, 3. and 4. 
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FEATURES 
Conwcnlanl and oary-lo-learn operrtlon 

Hlghrrt quallty components and conrlrucl lon 
Ulroughout 

A property designed gas hapdling system Is essentlal 
to the performance of a dilution refrigerator. Pumps, 
valve?. and pumping lines must be carefully matched 
to tchieve the refrigerator's lull potential. I t  is equally 
important that it be easy to use, that it provide long- 
term vacuum integrity, and that it have adequate pro- 
tection against power failure, cooling water ahut- 
down. and clrculation blockage. SHE Gas Handl'lg 
Systems have all these featurss end come in a varb 
oty of models to provide a wide range of refrigeration 
capabilities. 

Only the highest quality components and construc- 
tion techniques 3re used throughout those systems. 
All valvas and gauges are mounted on large alumi- 
num panols which are bolted to a sturdy cupport 
frame. This eliminates motion of the components 
which could result in vacuum leaks. Vacuum sensors 
are employed ir: imF ortarrt parts of the circuit and are 
monitored on P me' ?r mounted on the front panel of 
the system. A panel mounted switch allows the usor 
to retsct betwedn sensors. The panels feature P 
cleer, full-sized diagram of the plumbing anange- 
ment and a11 valves and gauges are Integrated Into 
this diagram to achieve the clesrest possible exposi- 
tion of the gas handling system, thsreby minimizing 
the possibility o! error In I t s  use. 

In order to provide maximum vibration Isolation, SHE 
Gas Handling Systems are mounted physically sepe- 
rata from the cryostet insert and sll interconnecling 
llnas aro supplied with spcisl  tkxible section$. Ad- 
ditional flexlble sections are uaed to further Iso:ate 
the rotary pumps which &re located behind the gas 
handling system. .c 

Fig. 2 presents a diagram o! the plumbing arrange 
men! of a complete gas handling rycltem. This rys- 
tem mey be divided into four rubsystems: the 'He/ 
'He subsystem, the 1 K re!rigerator rubsystem, the 
vacuum can subsystem and the pumpt'purge sub- 
system. Ebch of th,?se is described In the foilowlng 
sections. Gas handling systems whose modef desi(;- 
nations end in "H" fnclude only the ' H e P H e  b~rbsys~ ~, - 

Fl@. 1.  SHE M-1 G H S Z  Pumping a d  Gas Handling SflIOm 

tem. whlle those ending in "F" Include all fou 
subsystems. A gas handling system designated "F 
with the additional suffix "NP" indicates a syster 
provided with no rotary pumps except the seale 
rotary pump in the 'HePHe subsystem. See Tabfo . 

b 

THE 'Hc/'We CIRCUMTSON 
SUBSYSTEM 
The *He/*He subsystem Incudes a hvo-stsge liqu 
nitrogec cooled trap, E storage tenk, grew pision pre 
esre gauges, and all pumps and valving needed ' 
convenlenrly operate the refrigerator. Bypass ba!bir 
k provided to throttle the circula!ion lor stable oper 
tion at temperatures up t!, 2 K. This important feafu 
ensures a substantial o w l a p  of the operating ra?! 
of a Cliution refrigeratgr with that of a s!mple pump 
helium bath. Provision Is also rnade lor connectil 



- .  
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the subsystem via a precision meterlng valve to 
mass spectrometer leak detector. This Is useful for 
leak testing, measurement of the *He content of the 
circulating gas and 8s en aid in diagnosing refrigerc- 
tor performance. 

A relief valve located in the subsystem shunts tho 
'HePHe mixture Into the storage tank in case B 
blockage of the refrigerator occurs, and aliows un- 
attended operation for extended periods. Velving In 
also provided to permit circulation of the mixture 
through the nitrogen-cooled traps prior to its admit- 
tance to the refrigerator. thereby ensur!ng that no 
contaminants reach the dilution unit. 

Each gas handling system can be characterized by 
the pumps it emplcys and the cirwlation rate which 
can be achieved. The GHS-1 Is 6upplied with a 
10 f/sec rotary pump which, under typical operating 
conditions, provides circulation rates from lOO-I50 
pmol/sec. The GHS-2 and GHS-3 utilize oil vapor 
pumps as booster pumps with a 1 0  Ilsec rotary 
pump tc provide inaximum circulation rates of b p  
proximately 250pmol/sec and 500 rmol/sec respec- 
tively. The GHS-4 uses blower pumps to echiewe 
circulation rates exceeding 2 rnmol/soc. 

1 K REFRIGERATOR 
SUBSYSTEM 
This subsystem operates the continuous flow 1 K 
coldplate system and a!lows flow testing and purging 
of the coldplate during startup. In addition, A sepa- 
rately valved line branches from the main coldplate 
pumping line and connects to the helium space 00 
the liquid helium dewar. This connection, together 
with a built-in interconnection to the pumplpurge 
subsystem. enables one to flush both the coldplate 
system and the helium space of the dewar with h e  
lium or nitrogen gas during the startup and rhut- 
down procedures. Separa!e vacuum sensors are 
provided for both the coldplate line and the dewar 
line. 

THE VACUUh4 CAN 8 

SUBSYSTEhi 
The vacuum space surrounding the dilution unit Is 
evacuated by way of an oil diffusion pUmR,mOUnt€?d 
In the cas handling system. 1ntorconnec:ion to the 
pumpipurge subsystem is provided by way of o 
needle valve permitting one tD flush the vacu6m 
space during startup and to admit exchange gas to 
this space in a well-controlled fRShlOn. A qulckcon- 
nec! fitting mounted on the side of the framework Is 
provided to connect 8 mass spec!rome!rr leak d e  
tec ta  directly to the vacucm spac~ .  

" T  - ').> - 

THE PUMP/PURGE SUBSYSTEM 
This facilify comprlses P separate rotary pump, two 
compound re!ard pressurelvacuum gauges, a num- 
ber of toggie vdcuum valves, means to connect this 
6UbSyStein P.0 muree; of nitrogen and helium gas, 
and hoso connectors for attaching rubber tubing. 
This subsystem Is connected to all other subsystems 
and ellows the user lo flush them with nl!iogen or h e  
lium gas (9s needed. The hose connectors provide a 
convenient wurc6 of these gases for variety of 
uses. 

INSTALLATION ON YOUR 
MBOFUTORY 
All SHE gas handling systems come complete with 
large Interconnecting pumping lines of negligible 
flow impedance. Separation of the cryostat support 
structure end gas handling system by a distance of 
two feet is standard. with additional separation avail- 
able at extra cost. Fig. 3 gives the dimensions of 
the laboratory epace required for the standard 
Installation. 

In order to maximize the vibration isolation between 
the gas handling system and cryostat insert, each 
SHE gas handling system is to be firmly bolted to the 
floor. In eddi:ion. provision is made to embed a short 
iiection of oach pumping line In concrete between 
the main frahework and the pump. Specially Cut 
wooden forms ore provided to allow one to pour this 
concreta block within the floor space occupied by 
the framework. 

; 

OPTIONS 
Extra 35 or 100 liter storage tank with separate 
velving and gauge. 
Auxiliary valving 8110~s use of pumps fcr another 
application ouch as evacuating the vacuum space 
of a h6lium dewar. 
Custom designed pumping lines-Longer lines, 

' shorter lines, and special configurations, such as 
fwo-piece lines far use with an rf shielded enclo- 
8uro. are available. 

* Extra Coldtrap-Th,$ option allows continuous OP- 
oration of the refriueralor while cleaning contami- 
nants from the rc,gular coldtrap. All necessary 
valves and pumpir'g lines me provided. 

SPEC1 F I CAT1 0 NS 
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S.H.E. CORPO~ATION 
DRI-420 WITH dHS-3F 

0-4 .  P e r f o r m a n c e  T e s t  

T h e  a s s e m b l e d  c r y o s t a t  I n s e r t  was g i v e n  a c o m p l e t e  l o v  
t e m p e r d t u r e  p e r f o r m a a c e  t e s t  a t  SHE. Pt was m o u n t e d  Ln o n e  of 
t h e  SHE i n - h o u s e  s u p p o r t  s t r u c t u r e s  a n d  c o n n e c t e d  t o  t h e  i n - h o u s e  
g a s  h a n d l i n g  s y s t e m .  An i n - h o u s e  l i q u i d  h e l i u m  d-war was u s e d  - 
f o r  t h e  tes t .  C a l i b r a t e d  c a r b o n  r e s i s t a n c e  thermometers were 
i n s t a l l e d  o n  th-  c o l d p l a t e ,  t h e  still, t h e  b a s e  p l a t e ,  a n d  the  
coldest h e a t  e x c h a n g e r .  H o s t  of t h e s e  t h e r m o r n e t e r s  are f r o m  B 
s p e c i a l  s e t  u s e d  when t e s t i n g ,  to a i l o w  more precise c o m p a r i s o n s  
b e t w e e n  r e f r i g e r a t o r s :  t h u s  t h e s e  a r e  not t h e  r e s i s t a n c e  
t h e r m o n e t e r s  c u r r q n t l y  i n s t a l l e d  o n  t h e  r e f r i g e r a t o r .  However,  
the cola-s t  h e a t  e x c h a n g e r  res i s tor  c u r r e n t l y  i n s t a l l e d  i s  t h o  
same  one u s e d  f o r  t h e  p e r f o r m a n c e  t e s t .  To rnedsare the  m i x i n g  
chanib-r t e m p e r a t u r e ,  t w o  CNIJ t h e m o m e t e r  p a c k a g e s  w o r e  i n s t a l l e c l ;  
o n e  was i n s e r t e d  t h r o u g h  t h e  bottom p o r t  o n  t h e  m i x i n g  c h a m b e r  to 
m e a s u r e  t h e  t e m p e r a t u r e  of t h e  l i q u i d  h e l i u m  i n s i d e  the m i x i n g  
C h a T b e r ,  and  t h e  o t h e r  was f a s t e r a e d  t o  t l r e  m i x i n g  c h a m b e r  body t o  
m e a s u r e  t h e  t e m p e r a t u r e  of t h e  o u t s i d e  of t h e  m i x i n g  c h a m b e r .  

T h e  tlrerrnornoter p a c k a g e s  use t h e  C u r i e  l a w  d e p e n d e n c e  o f  t n e  
€ u s e - p t i o i l i t y  of c e r i u m  magnesium n i t r a t e ?  CMN. The p a c k a g e s  
c o n t a i n  a n  11 mg CMN powder p i l l  ' a l o n g  w i t h  t h e  e x c i t a t i o n  O I ~  
d e t e c t i o n  c o i l s  for u e e  w i t h  t h e  SHE HLM m e a s u r e m e n t  system.  Tnv 
RLM s y s t e m  ~ n e a s u r e s  c h a n g e s  i n  t h e  m u t u a l  I n d u c t a n c e  beth-ccn t h c  
e x c i t d t i o n  a n d  d e t e c t i o n  coils: s u c h  c h a n g e s  art c a u s e d  n y  
c h h n 7 - s  i n  t h e  s u s c e p t i b i l i t y  2nd h e n c e  t h e  temperature cf ~ I I P  
CMN. Tire C k i i  thermometers vore  c a l i b r a t e d  b e t w e 9 n  0 .  3 4  ;:nc\ 
0 . 9 5  K u s i n g  a c a l i b r a t e d  gc:manium r e s i s t a n c e  ti:.?rnldt.\cr.-?:: 
i n s t a l l e d  OQ t h o  o u t s i d e  of t h e  m i x i n g  c h a m b e r .  L i q u i J  hr?li?li , t  it; 
used  for t h e r m ~ l  c o n t a c t  t o  t h e  CMh'. T h e  e x t e r n a l  tl~erinoil,ctte?.t 
p a c k a g e  was c o n n ! c t e d  by a c a p i l l a r y  t u b e  t o  tlre d i l u t e  sLJ-2 
t h e  c o l d e s t  h e a t  e x c h a n g e r .  The  c a p i l l a r y  let h e l i u m  f n t c  tIhe 

e x t e r n a l  t h e r m o m e t e r  p a c k a g e  so t h a t  t h e  CMIJ was i n  good  t h e r m a l  
contact w i t h  its h o u s i n g ,  - w h i c h  1% t u r n  w a s  t ! . g h t l y  b o l t e d  t o  t h c  
m i x i n g  c h a m b e r .  Tho  s t u b  i n t o  w h i c h  t h e  c a p i l l a r y  w a s  soldered 
1s s t i l l  i n  p l a c e  o n  t h e  l a s t  t . e a t  e x c h a n g e r :  i t  may be 
u n p l u g g e d  a n d  u s e d  for a a i m i l a r  p u r p o s e  i f  d e s i r e d .  

T h e  h e l i u m  s o l u t i o n  used i n  t h e  d i l u t i o n  r e f r i g e r a t o r  s y s t e m  f o r  
t h e  p e r f o r m a n c e  t e s t  c o n t a i n e d , 0 . 6 7  moles of 3He a n d  1.6 moles of 

i 4 H e :  or i n  terms o f  l i q u i d  e q u i v a l e n t ,  25 em3 of )He a n d  45 cn3  
uf 4t:e. T h e  e x t e r n a l  CMN t h e r i n o r n e t e r  p a c k a g e  c o n t d l n e c l  a b o u t  
X cm3 o f  'He, a n d  t h e  a d a p t o r  p i ece  used for t h e  i n t e r n a l  CM:i 
-hcrmornetcr added a v o l u m e  of a b o u t  6 e m 3  o f  4H5. As i n d i c a t e d  
2.n S e c t i o n  3-1,  t h e r e  is o u i t e  a l a r g e  r a n g e  f o r  t h e  acceptd'ule 
q u a n t i t i e s  of b o t h  3He. a n d  4 H e .  

S a b l 2  D - 1  s h o w s  t h e  o p e r a t i n g  C h a r a c t e r i s t i c E  w i t h  n c  e x t e r n a l l y  
a p p l i e d  h e a d  l o a d  o n  t h e  m i x i n g  c h a m b e r .  T h e  o u t s i d e  of t h e  
m i x i n g  c h a m b e r  c o o l e d  to 6 . 5  m K ,  a n d  t h e  l i q u i d  h e l i u m  i n s i d e  t h e  
m i x i n g  c h a m b e r  c o o l e d  b s l o r  6 mK. T h e  i n d e p e n d e n t  v a r i a b l e  f o r  
t h e s e  d a t a  i s  t h e  et111 p o w e r ,  d e t e r l n i n e d  by m e a s u r i n g  t h e  
c u r r e n t  t h r o u g h  t h c  s t i l l  h e a t e r .  T h e  heater resistance Is 

'/ 
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S.H.E. CORPORATION 

DRX-420 HSTH GHS-3F 

* I  
n o m i n a l l y  4 4 0  o h m s .  tor t c m p c r s t u r c e  below 4.2K; EO Z mW 
c o r r e s p o n d s  t o  2 .13  m4. T h e  atill h e a t e r  US-d for t h e  t e s t  i s  
t h e  o n e  c u r r e n t l y  i n s t a l l e d  o n  the s t i l l .  T h e  s t i l l  power 
d e t e r m i n e s  t h e  3He c i r c u l a t i o n  t a t o  uh:.ch i n  t u r n  d e t e r m i n e s  t h e  
r e f r i g e r a t i o n  c a p a b i l i t y .  However t h i s  c o o l i n g  power is O f f s e t  
by many v a r i e d  fac tors  s u c h  as v i s c c u s  h e a t i n g  a n A  h e a t  c o n d u c t c t d  
down e l e c t r i c a l  leads  a n d  h e l i u m  filled t u b e s  ( t h e  s t i l l  is . 
ho t t e r  a t  h i g h e r  s t i l l  powers).  T h u s  t h e r e  is ZI minimum 
t e m p e r a t u r e ,  w i t h  b o t h  lower a n d  h i g h a t  s t i l l  p o w e r s  g i v i n g  
h i g h e r  m i x i n g  c h a m b c r  t e m p e r a t u r e s .  For these d a t a ,  t h e  f l o w  
r a t e  i s  m e a s u r e d  by t c m p o r a y i l y  s t o p p i n g  c i r c u l a t l o n  a n d  
m e a s u r i n g  how much t i m e  is r e q u i t e d  for  a 10 torr  presssire r i se  
in t h e  known room t e m p e r a t u r e  volume; see S e c t i o n  4-6. T h e  3 H e  I t o  ‘ H e  r a t i o  of the c i r c u l a t i n g  h e l i u m  is i n e a s u r e d  u s i n g  a m a s s  

] spectrometer l e a k  detector  m o d i f i P d  to detec t  b o t h  3 H e  a n d  4 H e .  
I 

T h e  l a s t  p o i n t  in Table  D-1 i l l u s t r a t e s  t h e  e x i s t e n c e  of a h e a t  
I l e a k  i n t o  t h e  m i x i n g  c h a m b e r  w h i c h  g r a d u a l l y  decreases  w i t h  t,mo. 

S n  a per iod  of 2 8  h o u r s  t h e  m i x i n g  chamber body  cooled. froiir 
7.17 rnK t o  6 . 5 0  mK a s  a n  e q u i l i b r i u m  t e m p e r a t u r e  fo r  a s t i l l  
power of 2 mW. St is f e l t  t h a t  t h i s  s l o w l y  d e c t e a s i n g  h e a t  l e a k  
m i g h t  be c a u s e d  by r e c i d u a l  e x c h a n g e  gas ,  w h j c h  i s  s l o w l y  
adsorbed. For t h e  p e r f o r m a n c e  t e s t ,  t h e  m i x i n g  c h a m b e r  was below 
4 K for  o n l y  t w o  d a y s ;  f u r t h e r  i m p r o v e m e n t  m i g h t  be e x p e c t e d  f o r  
l o n g e r  p e r i o d s  cold. 

T a b l e  D-2 shows t h e  m e a s u r e d  r e f r i g e r a t i o n  c a p a b i l i t y  a t  a still 
power o f  1 6  mW. T h e  h e a t  load was a p p l i e d  t o  t h e  f o u r  w i r e  
h e a t e r  c u r r e n t l y  moun ted  o n  t h e  mixxng  c h a m b e r .  Tho  Lour w a r e  
hook-up  o f  t h i a  h e a t e r ,  oee A p p e n d i x  A ,  allows both t h e  c u r r e n t  
t h r o u g h  t h e  h e a t e r  a n d  t h e  v o l t a g e  d r o p  a c r o s s  t h e  h e a t e r  t o  b e  
m e a s u r e d :  t h u s  yielding an - c c u r a t e  d e t e r m i n a t i o n  of t h e  heax 
lodd. The 16 inW s t i l l p o w e r  was c h o s e n  s i n c e  it p r o u u c e s  
a p p r o x i m a t 5 1 y  t h e  h i g h e s t  c i r c u l a t i o n  r a t e  which t h e  SHE pumping 
s y s t e m  c a n  h a n d l e .  T h e  SHE pumping s y s t e m  u s e d  c o n s i s t s  of a n  
Edwards 9 B 3  booster pump backed  by a n  E u w a r d s  ED660 s e a l e d  
m e c h a n i c a l  pump. For t h e  lowes t  t empera ture  power p o i n t ,  t h e  
s t i l l p o w e r  vas  d e c r e a s e d  s i n c e  t h e  r e s u l t i n g  lower c i r c u l a t i o n  
fa t .?  g a v e  a co lde r  m i x i n g  c h a m b e r  t e m p e r a t u r e  for t h e  a p p l i e d  
h e a t  l oad .  T h e  c o o l i n g  power a s  a € u n i t L o n  of t h e  e x t e r n a l  
m i x i n g  c h a m b e r  t e m p e r a t u r e  L a  Ishown o n  t h e  a t t a c n e . ?  q r a p h .  Froin 
t h e  s m o o t h  C u r v e I  t h e  r e f r a g e r a t L o n  c a p a b i l i t y  i s  a b o u t  2 4 0 0  

-erg/sec ( 2 4 9  p W )  a t  l Q Q  i n k ,  a n d  1 1 5  c r g / s e c  at 2 5  mK. 

T h e  d a t a  c o n t a i n e d  in T a b l c s  i n  D - 1  a n d  D-2 may b e  v e r y  u s e f u l  
when f i r e t  a p t r a t i n g  t h e  r e f r i g e r a t o r ,  t~ d t t e r m i n e  i f  it i s  

t x p c r i r a c n t a  the  f i r s t  time t h e  t c f r i g c r n t o r  is o p e r a t o c l .  J u s t  
o p e r a t e  t h e  refL,geiator t o  b- c e r t a i n  its o p e r a t i o n  i6 

may be much more difficult i f  sddtd e x p e r i m e n t a l  f i x t u r e s  a r t  
a100 p r e s e n t .  t e m p e r a t u r e  Q S  a f u n c t i o n  ot‘ t h e  a p p l i e d  h e d t  
load.  From the s m o o t h  curve, t h e  r e f r i g e r a t i o n  capability L G  1 O v e r  2 7 0 0  C X g / s e C  ( 2 7 0  y W )  at 1 0 0  nK, a n d  is s t i l l  a b o u t  

I 

. r u n n i n g  saticfactorily. I t  Is a d v i s e d  n o t  to ( r t t e n i p t  any 

. u n d e r e t o o d  aod i a  s a t i o f s c t o r y .  DLagnosis of a n y  difficulties 

4 
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S.H.E. CORPORATIOH 

DRS-420 WXTH GHS-3F  

108 e r g / s e c  a t  20 r n ~ .  For a l l  t h i s  data, t h e  c o l c ' p l a t e  v a l v e  W 8 S  
c l o s e d .  H o w v e t  when hFgh5r s t i l l  powers ere U s e d ,  it may be 
necerseary to open  t h e  v a l v o  to keep t h e  coldplate t e m p e r a t u r e  
a c c e p t a b l e .  

The d a t a  c o n t a i n e d  i n  T a b l e s  D1 and D 2  may be very  u s e f u l  when 

s a t i s f a c t o r i l y .  It ie a d v f a r d  not t o  attempt any e x p e r i m e n t s  t h e  
f i r s t  time t h e  r e f r i g e r a t o r  i s  o p e r a t e d .  JUS: Jperate the 
rcfrlgezator to be c e r t a i n  t h a t  its o p e r a t i o n  is u n d e r b t o o d  and 
is 6at lSfaCtOCy.  D i a g n o s i s  of any problems may ba much more 
d i f f i c u l t  i f  cddod e x p e r i m e n t a l  fixtures are a l s o  p r e s e n t .  

, '  

, .  

I f i r s t  o p e r a t i n g  the r t f r i g e r a t o r ;  t o  det*rminc  if i t  is  running  * 

.. . 

/' 

I 

. 
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Appendix I 1  

Design of The r n i l l i - K e l v i n  c r y p s t a t  and 
complet ion of  The S.H.E. gas handl ing system. 

. 
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UESIGN OF MILL1-KELVIN CRYCSTAT 

c 

L 

STRUCTURE 

A drawing o f  the cryostat appears in figure 16. The dipensions shown 

allow a final .02 K volume of -359,. 

The outer wall of the cryostat i s  at roon temperature and is 25" 

diameter X 72" long. Inside this is the liquid nitrogen shield which is 

a shell formed by two co-axial cylinders of 22" ahd 19" diameters X 68" long. 

This liquid nitrogen tank has a volume of 108 E. Across the bottom o f  this 

tank is a 1/16" thick copper plate for thermal shielding. Also f3r tbermal 

shielding i s  a 1/16" thick copper liner welded to the inside of the tank and 

extendirg 4%" from the top. The entire liquid nitrogen tznk is suspended 

from three stairlless steel pipes 1/4" I.D. X 3/32" wail thickness. 

Thermal considerations lead to the use o f  a fiberglass vessel for the 

inner container where the liquid Qelium would be. It i s  16" I.D. X 70" long 

X 1/4" wall thickness. The vessel nates at r o m  twperature with the rest o f  

the cryostat with a teflm gasket. 

a polyester resin made by Ashland Chemicals. 

Hetron 31 laminate are shown in tab:? 1. 

The fiberglass i s  made 'ram Hetron 31, 

Typical properties o f  a 

To the bottom of the liquid nitrogen tank was themally attached a 

ccntainer holding -3 lbs of Type 5 A  Linde molecular sieve mterial. This 

was t o  abzorb any residual nitrogen left in the vacuum space after pimp'ng. 

A graph of the absorbance o f  Type 5A i s  shown i n  figure 17. F'igur: 18 shows 

the inodified dilution refrigerator insert. The available exp;brirnental space 

inside the .3K theriiia'l shield is 3n upright cylinder 16" t a l ?  X 13" didtleter. 

This represents a volune of 35 E. 

- I  I 

* I  



... 1 
, 

- 
THERMAL C.ILCULAT IONS 
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Heat Leak into the Liquid Helim _- 
Conduction paths into the l i q u i d  helium are through the walls of the 

fiberglass vessel and through the support structure of the experimental 

inser t .  

temperature (2.175 x A). However, since the glass fibers contribute 

much t o  the properties of fiberglass, i t  was decided t g  use the thermal 

conductivity curve for fused qua;-tz normal ized a t  room temperature to the 

value for fiberglass. 

Handbook, the following results were obtained for fiberglass: 

The tnermal conductivity of the fiberglass was known only a t  room 

Using the d a t a ,  from the American Inst i tute  of Physics 

and 

77 

w E x ( T )  dT .0731 cn 
KF1 i 

4 . 2  

300 

77 

I f  the thermal gradient i s  froni room temperature a t  t h e  t o p  of the cryostat 

t o  4 . 2  K a t  the t o p  of the liquid helium and we assu:iie the level o f  helium 

i s  24" from the t o p  ( t h i s  i s  the highest l eve l ) ,  !ve get t h e  heat leak from 

t h i s  source t o  be Q,, = .56w. 

I t  i s  instructive a t  this point t o  compare t h e  fiberglass vezsel with a 

similar vessel made of s ta inless  s teel .  I f  s ta inless  steel were used f o r  

I - 5 3  - 



the innermost shell ,  the niinirnum thickness would be 0.04". T h i s  leads to a 

heat leak of:  . 
300 . - -  - A f h ( T )  d t  = ( .21  cm) (30.r  $)  = 6 . 5 ~  

4.2  

Clearly, even though  the fiberglass needs t o  be iwch thicker to  withstand the 

pressure, i t  is s t i l l  n i x h  better thermally t h a n  stainless steel. 

To reduce the above heat leak ever! further, the fiberglass was heat sunk 

t o  the liquid nitrogen 6" from the t o p  of the fiberg7Jss vessel. 

braid was wrapped arcund the circumference o f  the vessel and covered with 

Hetron 31 resin. 

via six copper braids equidistant arourd the c,ircumference. 

braid was ~ ~ 1 2 "  i onq  X . 4 S  CIII cross-section. The themal conductivity 

of copper a t  77 K i s  Jpproximately 6 cx. 
ature T where the braid attaches t o  the fiberglass i s  near 77 K s  na can equat2 

the power t h r o u g h  the braid to the power t h r o u g h  the fiberglass t o  find T. 

Copper 

This band was then connected to  the liquid nitrogen t a n k  

Ezch copper 
2 

W I f  we assume t h a t  the temper- 

300 - T (T - 7 7 )  (.C95 cm) = ( .341 & ) (5.32cm) (m , ~ n )  + T:30K (6 cm h 

where the l e f t  side of the equaticn i s  the conductivity th rough  t h e  copper 

and the right side t h a t  through the fiberglass. 'n'itii the fiberglass vessel 

heat sunk a t  SO K we f i n d  the new QCl = .14 w. The support for  the experi- 

mental insert vacuum chamber i s  mainly the stainless steel p;pes used for 

gas circulation as p a r t  o f  the dilution refrigeratar operation. 

dilution refrigerator xas designed for a much srdller vacuuin chmber  t h a n  

the one xe will use, f ou r  1;4" G-10 fiberglass rods were 3dd.d t o  take up 

Since the 
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some of the weight .  The heat leak f o r  these i s :  

i 
r 

. .  ' 

- 

The t o t a l  heat  leak due t o  conductivity i s  Q, = .15w. (The heat leak due 

t o  the pipes wil l  be considered l a t e r . )  

Around the s ides  and bottom of the vessel were wrapped 10 l aye r s  of  

aluminized mylar t o  reduce thermal radiation. 

Q,, = 8.9 m w .  

t i on  t o  reduce convection and t o  channel the boil-off gas t o  the walls of 

the container .  

thick sandwiched w i t h  aluminized mylar. 

The heat leak from this i s  

The inside of the vessel was plugged w i t h  Styrofoam insula- 

This plug consisted of 9 layers  of Styrofoam each ~ 2 . 5 "  

The heat leak due t o  r ad ia t ion  

from this d i r ec t ion  would be uRs = .12 w. 

l i qu id  helium is QT = .?8 w. 

The t o t a l  heat leak i n to  the 

I f  we assume the boi l -off  gas leaves the c ryos t a t  w i t h  a temperature o f  

-23 Y, the heat capacity of the he1 ium would be,;12 KJ/1 iquid 1 i t e r .  

leads t o  a boil -off  r a t e  of  ~2 Llday. 

i nd ica t e s  t h a t  the contr ibut  on t o  boi l -off  race from the s t a i n l e s s  s t e e l  

pipes o f  the i n s e r t  and from comuinption of l iquid helium in a helium 

cold-plate  would be about 5 /day. The t o t a l  boi l -off  r a t e  i s ,  therefore ,  

7 nlday. 

allow a 7 day running time f o r  the d i lu t ion  r e f r i g c r a t o r .  

This 

Data froin the S.9.E. Corporation 

Since the l iqu id  helium volume i s  about 50 c, this rate should 

. .  
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Heat Leak in to  the L i q u i d  Nitrogen 

The heat leak in to  the l i q u i d  n i t rogen  due t o  conduction wouid be 

through two paths. The f i r s t  conduction path i s  the supporting s t a i n l e s s  
2 s tee l  pipes. The area of these pipes i s  .653cm each. The thermal con- 

duct ivi ty  for  s t a i n l e s s  s teel  is ,  A!T) dT = 27.2 fi. ' I f  we l e t  the j"" 
77 

thermal gradient go from 300 K t o  77 K over a distance of l", we get 

Qcl = 2 1 . 0 ~ .  The other  conduction path i s  the copper b r a i d .  

for these braids is 2.9 cm . 
The to ta l  area 

and AT = 3 K ,  we get I f  we l e t  K cm = 6 cml( 2 

Q,, = 1.7 w. 

Qc = 22.7 w. 

The to ta l  heat leak due to  conduction i n t o  the nitrogen i s  

The l iquid nitrogen tank i s  a l so  insulated with 10 layers o f  aluminized 

mylar. 

to ta l  heat leak into the l iquid nitrogen i s ,  therefore,  

The radiation heat leak from room temperature i s  Q, = 2.9 w.  The 

QT = 2!;.6 w.  

I f  we assumc the boi 

r a t e  of  11 ?/day. S 

-off gas leaves the cryostat  a t  100 K ,  we get  a boil-aff  

nce the copper thermal shield extends o!ily t o  18" from 

the top, we will assume the tank i s  empty whec the level reaches tha t  p o i n t .  

This represents a volume of 76 2 and also gives a running time o f  about 7 days. 

These calculations indicate t h a t ,  with this c ryos ta t ,  an experiment may 

be r u n  for a b o u t  a ;qerk without the noisy 'nterruption of adding cryoliquids.  

- 50 - 
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COMPLETION OF THE GAS HANDLING SYSTEM 

The dilution refrigerator purchased from the S.H.E. Corporation 
3 includes a Gas Handling System (GHS) which controls the flow of He and 

He into the dilution refrigerator. An option offered by SHE is to buy 

only that part of the GHS which handles the m r e  expensive He . 
to obtain a more powerful refrigerator we purchased the half system. 

second h a l f  of the GHS is used for pumping and purging with He and NE. 

We have just completed construction of this portion so as to have all the 

capabilities of the complete GHS. This completed GHS gives us one o f  the 

m s t  powerful dilution refrigerators commercially available and should 

allow us to reach temperatures <20mK. 

4 

3 In order 

The 
4 
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Figure 16. Milli-Kelvin cryostat 
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ISOTHERM D A T A  SHEET NO. 62 
ADSORBATE: Nitrogen 
TEMPERATURE: -196°C to 175°C 

. TlTL E: Nitrogen Adsorpf ion 
ADSORBENT: Molecular Sieve Type SA Pellets 

Figure 1 7 .  Lfnde t y p e  5A molecular 
sieve adscrbance 

/ 
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V A C  vvn 
CAN 

.OK ThERnAL 
SHIELD 

Figure 1 G .  DilutSon r e f r i g e r z t o r  fnsert. and vacuum can 
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605.Glass C l o t h ,  181 V o l a  A ,  Prcss Curcd,  1/8 i n c h  

TESSILE PROFERTTES (AvcraEc o f  5 )  

. - R.T. -1 10°F - 3 2 0 O F  

U f t i m t c  Strcnzth x 10 3 psi 50.0 68.1 105.3 
; n i t j 2 1  ~ o d u l u s  x 106 psi 2.97 3.24 3.87 

FLCSURAL PROPERTIES (,\vcr?ge - of 5) 

71.2 104.1 126.7 -. .- U l t i m t e  S t r e n g t h  x 103 p s i  
I n i t i a l  !.locirr:.;s x 106 p s i  5.24 3.47 4.18 

E D X i I S E  CO!.IPKI:SSICS PROPERTIES (Avcra!-!c of  5)  

Ult i r . s te  Strr9g;h x 10 3 p s i  19.9 41 .2  68.5 
Ilotulus x 105 ps1 1.64 1 . 8 5  

/ L 
2.36 I 

,/ 

T a b l e  1 ket ron  31 fiberglass p r o p e t t i + s  
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